OBJECTIVEdTo compare associations between neighborhood deprivation and measures of BMI change among adults with type 2 diabetes.
I
n the search for modifiable risk factors related to unhealthy weight, a growing literature has focused on the influence of neighborhood deprivation. Neighborhood deprivation may affect weight through differential access to safe places to exercise (1) and nutritious foods (2) or through chronic environmental stressors (3, 4) . Cross-sectional studies have found positive associations between neighborhood deprivation and unhealthy weight (5, 6) . However, longitudinal studies, which provide a stronger basis for causation, have yielded mixed results, with some finding no association (6) and others finding a positive association (7, 8) between neighborhood deprivation and weight change. These inconsistencies may be a result of differences in study populations, length of follow-up, or specification of neighborhood deprivation (9, 10) . However, they may also be the result of failure to take into account the complexity of weight change, particularly among adults with chronic conditions like diabetes. In such populations, in which most individuals are trying to lose weight, the spectrum of possible outcomes includes weight loss, gain, fluctuation (i.e., loss and regain), and stability (11) . The relationship between neighborhood deprivation and weight change over time among adults is shape variant and potentially nonlinear. Despite this, previous work typically evaluated summary outcomes (e.g., mean change) that can mask important variation, particularly the distribution of individuals who lose or gain weight or whose weight remains stable. Such approaches may miss associations between neighborhood deprivation and weight change important to informing interventions for weight management.
In the present study, we examined associations between neighborhood deprivation and 3-year BMI change in two distinct ways. First, we assessed whether the association was negative or positive by specifying BMI change as a continuous variable. Second, we allowed for the possibility that neighborhood deprivation may have been associated with BMI loss, gain, or both by examining its association with substantive BMI loss or gain relative to maintaining a stable BMI.
We used data from an ethnically diverse cohort of adults with type 2 diabetes in a managed-care setting. Understanding determinants of BMI change is important among adults with diabetes. Weight loss often is recommended because most are overweight or obese. Weight loss among adults with diabetes improves glycemic control, lowers blood pressure, and reduces mortality risk and health-care costs (12) (13) (14) (15) (16) . Weight gain is associated with above-goal A 1c and blood pressure, suggesting that maintaining a stable weight is an important secondary goal (17) .
RESEARCH DESIGN AND METHODS

Data source
Data come from the Kaiser Permanente Northern California (KPNC) Diabetes Study of Northern California (DISTANCE), a survey completed from 2005 to 2007 by 20,188 plan members with diabetes. KPNC is a large integrated health-care system that provides comprehensive services to .3 million members. The sociodemographic characteristics of members are generally representative of the regional population, although the very poor and very wealthy are slightly underrepresented (18, 19) . Participants in DISTANCE come from the KPNC Diabetes Registry, which included 174,064 members at the time of sampling.
Details on DISTANCE methods have been described previously (20) . In brief, DISTANCE is a survey cohort study that assesses a range of social and behavioral factors hypothesized to be associated with diabetes-related outcomes (20) . The survey was based on a random sample (n = 40,735) of the registry stratified by race/ ethnicity, with approximately equal samples of African Americans, Chinese, Filipinos, Latinos, and non-Hispanic whites (the region's largest ethnic groups). The response rate was 62% of eligible respondents and those survey administrators were able to contact.
Consistent with DISTANCE aims around identifying social disparities in diabetes-related outcomes, the current study examined the association between neighborhood deprivation and BMI change. The study area comprised 19 counties that contained or were adjacent to a county containing a KPNC facility and included .30 DISTANCE respondents. Of 19,804 participants with a geocodable address in the 19-county area, 18,529 were eligible for the analytic sample based on health-related criteria (type 2 diabetes; no pregnancy 9 months before baseline through 9 months after the followup measurement; and no evidence of procedures linked to weight loss, including bariatric surgery or lower-extremity amputation during the study). Of these, 13,609 were included in the analysis based on availability of BMI measurements, including a baseline measure (January 1, 2006-March 31, 2007) and a follow-up measure (January 1, 2009-March 31, 2010). The average length of time from baseline to follow-up was 3.4 (SD 0.5, range 1.8-4.9) years. Compared with the study sample, excluded individuals were more likely to be younger, male, non-Hispanic white or of other race/ ethnicity, never married, less educated, lower income earners, or residents in more-deprived neighborhoods; differences generally were ,5% between groups. Those excluded were also less likely to be taking insulin at baseline or to have started taking insulin during the study, indicating fewer visits to KPNC and, therefore, less opportunity for measurement of BMI. Excluded individuals were in worse health based on a comorbidity score (described later). Because weight loss is recommended for overweight and obese adults with diabetes, we conducted a sensitivity analysis limited to adults in these BMI categories.
BMI measures at baseline and followup came from height and weight recorded in KPNC electronic medical records during outpatient visits. For individuals without a clinical measure during the baseline period (;11%), we used BMI calculated from self-reported height and weight from the survey, if available. Selfreported and clinical measures at baseline were highly correlated (r = 0.89) in those with both measures. We included an indicator for the data source in all models. This study was approved by the institutional review boards of the Kaiser Foundation Research Institute and the University of California, San Francisco.
Variables
Outcomes. Outcomes included a continuous measure of BMI change from baseline to follow-up and a discrete measure indicating clinically substantive loss or gain of $7% of baseline BMI or stable BMI (stable BMI was defined as loss or gain of ,7% of baseline BMI). This level of loss has been shown to improve glucose metabolism and reduce insulin resistance (21); although less research has considered the degree of weight gain and diabetes complications, we used a gain of $7% for ease of comparison. Hereafter, we refer to these categories as substantive BMI loss, substantive BMI gain, and stable BMI. As an example of substantive BMI change in pounds, a 5-ft 6-in woman with a BMI of 33.0 units (204 lb) at baseline would have lost a minimum of 2.31 BMI units or ;14 lb at follow-up.
Neighborhood deprivation. Based on previous research (10), we created a neighborhood deprivation index (NDI) using data from the U.S. Census Bureau, 2006-2010 American Community Survey 5-year estimates. We used the 2006-2010 American Community Survey rather than the 2000 census given proximity to baseline and follow-up BMI measures. The use of an index rather than single indicators of deprivation may more accurately capture the multidimensional nature of area socioeconomic status (10) . By including variables representing numerous domains, an index is robust to problems with single variables, such as issues with comparisons over time and place and risk of incomplete conclusions. Neighborhood development affects multiple conditions, so an index may have more policy relevance than a single-variable measure. We selected the index used here because it empirically summarizes neighborhood deprivation rather than capturing distinct socioeconomic domains, as with many other summary measures; was tested in diverse geographies, such as those in the current study; and provides a standardized and reproducible measure of deprivation (6, 10) . It has been used to study nutrition and physical activity among girls (22) , perinatal outcomes (23) , and mortality (24) .
The 2007 home address for each eligible participant was georeferenced using MapMarker version 11 (Pitney Bowes) software. The NDI was generated through principal components analysis of eight variables at the census tract level, including percentages of males in the neighborhood working in management and professional occupations, residents living in crowded housing (more than one person per room), households in poverty, households headed by females with dependents, households receiving public assistance, households earning ,$30,000 per year, residents $25 years of age with less than a high school education, and residents $16 years of age who are unemployed. The items that comprise the NDI had excellent internal reliability (Cronbach a 0.91). Principal components analysis found one component with an eigenvalue .1 that explained 61% of the total variance in the underlying latent construct of neighborhood deprivation. The NDI was based on all census tracts in the 19-county region, regardless of whether a participant lived in the tract, ensuring that tracts were not weighted by the number of participants in the tract. Thus, all tracts contributed equally to the overall index. The measure was modeled in quartiles. We conducted a sensitivity analysis with a continuous specification of NDI as well as with squared and cubed terms (neither were significant) to test for nonlinearity. Results for the continuous specification were not substantively different from those from the quartile specification. Covariates. Sociodemographic covariates were age, sex, race/ethnicity, education, income, employment status, nativity, and marital status. All were based on self-report.
Although living in a less-deprived neighborhood may result in intentional weight loss because of supports for a healthy lifestyle, neighborhood deprivation may cause unintentional weight change through mechanisms linked to poor health. Weight loss is usually considered advantageous to health among adults with diabetes, but unintentional weight loss may indicate deteriorating health (25) . We assessed mediation by indicators of poor health associated with both unintentional weight loss and neighborhood deprivation, including evidence of cancer any time before baseline or during the study period, very poor glucose control (measured as at least two consecutive HbA 1c tests of .10%), and being in the highest decile of comorbidity scores at baseline and halfway through the study period (26, 27) and diabetes duration. The latter two variables were included as controls for poor health not captured by other variables (25, (28) (29) (30) . The comorbidity score was based on validated inpatient and outpatient adjusters, which predict total health-care utilization across diagnostic clusters (27) . The scores have been used previously to adjust for comorbidity (31) . We also included an indicator of smoking, given its association with neighborhood deprivation and unintentional weight loss (32) . We were unable to assess mediation by depression, which is associated with both unintentional weight change and neighborhood conditions (29, 33) , for the full sample because of data limitations. However, we conducted a sensitivity analysis that adjusted for depression at the time of the survey for a subsample of respondents.
We further adjusted for taking insulin at baseline or starting insulin during the study, given its association with unintentional weight gain and potential link to neighborhood deprivation through mechanisms of self-care and medication adherence (34) . We adjusted for baseline BMI to address group-level regression to the mean (i.e., that higher or lower initial BMI might lead to greater weight loss or gain).
Analysis
Details of methods used to validate the NDI have been described elsewhere (10) . We first present distributions of study variables and bivariate comparisons of baseline BMI, mean 3-year change in BMI, and substantive BMI loss or gain by sample characteristics. For bivariate comparisons, we tested for differences using x 2 and t tests. We estimated linear regression models for 3-year BMI change and multinomial logistic regression models of substantive BMI loss or gain, with stable BMI as the reference. For both models, we first specified models that included only the NDI and number of days between BMI measures. We then adjusted for sociodemographics and baseline BMI to assess whether associations were the result of these characteristics rather than of neighborhood deprivation. Finally, we adjusted for health indicators linked to unintentional BMI change. We tested for and found no effect modification for NDI and all baseline variables in continuous and discrete models based on a P value of 0.01 to account for multiple tests; thus, we present only main effects. We specified models with expansion weighting to account for complex sampling design and modified variance estimators to account for neighborhood clustering. We imputed missing values for all baseline and interim exposure variables using multiple imputation (N = 5). Analyses were conducted in Stata 10.0 (StataCorp, College Station, TX).
RESULTSdOne-third of participants (Table 1) were $65 years of age. One-fifth were non-Hispanic white, African American, or Latino, and one-fourth were Asian. Nearly two-thirds (58.9%) were U.S. born, and most (69.6%) were married. Most (82.5%) had a high school education or more. Forty-six percent were working, and approximately one-third (29.7%) were retired. Roughly one-half had an income of ,$65,000 per year.
At baseline, 33.7% of participants were overweight and more than one-half (52.1%) were obese. On average, participants experienced minor BMI loss (20.12, SD 3.07); however, 17.0 and 16.1% experienced substantive ($7% of baseline) BMI loss and gain during follow-up, respectively. Missing data (imputed for multivariate models) was generally ,3% for most variables with the exception of employment (12.9%) and income (14.7%).
Mean baseline BMI was higher among participants in more-deprived neighborhoods (Table 1) ; differences were statistically significant (P , 0.001) between those living in the least-deprived neighborhoods versus all other quartiles. However, there was no significant association between neighborhood deprivation and mean BMI change. In contrast, those living in more-deprived neighborhoods were somewhat more likely to have either substantive BMI loss or gain than those living in the least-deprived neighborhoods; most differences were significant at P , 0.05. For example, 19.9% of participants living in the most-deprived neighborhoods experienced substantive BMI loss vs. 15.0% in the least-deprived neighborhoods; similar differences were evident for substantive BMI gain in the most-versus least-deprived neighborhoods (18.0 vs. 14.1%).
Mean baseline BMI was significantly associated with most baseline and interim sociodemographic and healthrelated covariates. Mean BMI change was associated with several baseline and interim indicators of health status or behaviors. Older, retired, and married adults lost slightly more on average than their younger, employed, and never married counterparts. Similar patterns were evident for most cancer indicators, being in poorer health, and having a higher baseline BMI.
Most sociodemographic and healthrelated characteristics were also associated with substantive BMI loss or gain relative to maintaining a stable BMI. Higher baseline BMI status was associated with significantly greater likelihood of substantive BMI loss or gain.
Multivariate results
There was no significant difference in 3-year BMI change, measured continuously, by neighborhood deprivation adjusting only for number of days between BMI measures (Table 2, model 1). After adjusting for sociodemographic characteristics (Table 2 , model 2), there was a significant increase in BMI for adults in the mostversus least-deprived neighborhoods (b = 0.22, P = 0.02). We further adjusted for health indicators linked to unintentional weight change and found no appreciable differences from the sociodemographic model (data not shown).
Adults in all three of the moredeprived neighborhood quartiles were Results were also similar when the analysis was limited to overweight and obese participants and those with depression (data not shown). This consistency of results indicates internal reliability of the association between NDI and outcomes.
CONCLUSIONSdIn a diverse population of adults with type 2 diabetes in a managed-care setting, the NDI was modestly associated with both substantive BMI loss and gain ($7% loss or gain of baseline BMI) over an ;3-year period. For example, 18.0% of adults in the most-deprived quartile of neighborhood deprivation experienced substantive BMI gain vs. 16 .1% in Q2 and Q3 and 14.1% in Q1 (least deprived). Similarly modest differences by NDI quartile were observed c Tests of statistical significance are for comparison versus reference group for gained $7% of baseline BMI versus maintaining a stable BMI over an ;3-year period. *P , 0.05. **P , 0.01. ***P , 0.001.
for substantive BMI loss. After adjustment for sociodemographic characteristics and health indicators associated with unintentional weight change, significant differences remained between the more-deprived quartiles and the least-deprived quartile for substantive BMI loss and gain.
Neighborhood deprivation was positively associated with BMI change measured as a simple difference between baseline and follow-up. We tested for and found no substantive effect modification by sociodemographic variables, health behavioral or health status variables, duration of diabetes, or baseline BMI; more research is needed to assess other characteristics not measured in this study.
The results highlight the importance of evaluating segmented relationships (allowing for simultaneous associations with both gain and loss) as well as continuous or repeated measures of weight change with regard to neighborhood deprivation in future studies. Failure to do so may partly explain the mixed results from the limited number of longitudinal studies of weight change to date, with one investigation finding no association between neighborhood socioeconomic status and repeated BMI measures and two others finding positive associations with a continuous measure of difference (6) (7) (8) . Studies that assess only clinically substantive weight loss measured as a discrete variable may similarly miss important relationships between weight gain and neighborhood characteristics.
Investigations of weight trajectories among adults with diabetes confirmed that these individuals experience a range of outcomes from weight loss to gain, stability, and fluctuations, with gain followed by loss and vice versa (11, 17) . Although we did not examine fluctuations because of the short follow-up time, a more complex approach may capture possible shape-variant rather than linear relationships between neighborhood deprivation and weight change over time and provide guidance for practice and policy. Given the mixed results in longitudinal research on neighborhood deprivation and weight change, such approaches may be important to assessing implications of moving to deprived neighborhoods for BMI change as well as associated policy implications.
In fact, weight fluctuation may explain the observed association between neighborhood deprivation and either substantive BMI loss or gain. Adults with diabetes living in more-deprived neighborhoods may be subject to greater fluctuation than adults in less-deprived settings; for example, they may be more likely to lose weight given their initially higher average BMIs but have more difficulty maintaining weight loss because of an environment unsupportive of weight maintenance [i.e., with poorer walkability; fewer places to exercise (1); limited availability of fruits and vegetables (2); and greater exposure to environmental stressors, such as noise and violence (3, 4) ], which is linked to weight gain. For similar reasons, some residents may also be more likely to gain, followed by a greater need to lose weight. The net loss observed among residents in more-deprived neighborhoods may be capturing a period of loss in a longer cycle of weight fluctuation. The same may be true of BMI gain, although notably, this association is consistent with research suggesting that conditions in more-deprived neighborhoods are not conducive to avoiding gain (2, 4, (35) (36) (37) . Research that captures an even wider spectrum of patterns of BMI change than considered here may be useful in understanding associations with neighborhood conditions. This may be especially important for adults with weight-related conditions like diabetes, most of whom are engaged in a longterm process of weight management in an attempt to delay disease complications (14) . The observed association between greater neighborhood deprivation and substantive BMI loss or gain may instead be a result of mechanisms related to poor health; that is, BMI change may have been unintentional. For example, neighborhood deprivation is associated with a number of health conditions associated with unintentional weight change (either directly or through medications), such as depression and disability, as well as with health behaviors linked to unintentional weight change, like smoking. We adjusted for health conditions, behaviors, and metabolic status associated with unintentional weight change, but these controls may have been inadequate. Further, our control for baseline BMI may not have fully adjusted for regression to the mean among adults living in more-deprived neighborhoods, who had higher initial body weight. We adjusted for higher baseline BMI, which may be a proxy for greater motivation to lose weight, but we were unable to adjust directly for motivation to lose weight, which could potentially disproportionately affect residents in more-deprived settings. Additional research is needed to identify whether weight loss in adults with diabetes in relation to neighborhood deprivation is intentional (motivation to lose weight) or unintentional (health conditions) as well as to identify physiological pathways to weight change.
This analysis was subject to additional limitations. The sample was drawn from a managed-care population of adults with diabetes; therefore, external validity may be limited to others in a similar managed-care setting. Although neighborhood deprivation and BMI may differ for managed-care members with diabetes compared with uninsured patients or those insured by different organizations, observed exposure-outcome associations are typically much less variable across populations. The relatively low response rate of 62% may have resulted in selection bias linked to neighborhood deprivation and may mean that patterns of BMI across neighborhoods are somewhat biased, but it is less likely that associations were biased. Similarly, survey respondents in more-deprived neighborhoods were more likely to be excluded from the sample because of missing BMI measurements (95% CI) . GED, general educational development. a All models are adjusted for number of days between baseline and follow-up BMI measures. *P , 0.05. **P , 0.01. ***P , 0.001.
at baseline or follow-up, which may have also resulted in selection bias, although we assume it to be minor. Census tracts, used as a proxy for neighborhoods, may not capture neighborhood boundaries in ways that are most meaningful for residents or for health. The findings based on census tracts likely underestimate true associations related to contextually defined (real) neighborhoods that have substantive deprivation boundaries and transition zones.
Overall, the findings point to the importance of evaluating segmented relationships (allowing for simultaneous associations with both gain and loss) in longitudinal studies of neighborhood deprivation and weight change. Failure to do so may result in missing important associations. Evaluating segmented relationships may be particularly key for studies involving patients with diabetes in whom both weight loss and weight gain, intentional and unintentional, have important health implications (12) (13) (14) (15) (16) (17) 38) .
